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not be ignored and that experiments with high-bandwidth 
perturbations do not fully represent the intrinsic and 
reflexive behavior during most (low-bandwidth) daily life 
activities. The neck stabilized the head orientation effec-
tively (head rotation amplitudes 2 % of trunk), but did not 
effectively stabilize the head in space (global head trans-
lations exceeded trunk translations by 20 %). This indi-
cates that low-back motor control is involved in head-in-
space stabilization and could explain the low-back motor 
control modulations due to vision.
Keywords Lumbar spine · Postural control · System 
identification · Muscle spindles · Head stabilization
Abbreviations
LBP  Low-back pain
FRF  Frequency response functions
RMS  Root mean square
γ2(f)  Coherence
VAF  Variance accounted for
SEM  Standard error of the mean
Conditions
BT  Task instruction to balance naturally
B1  Perturbation signal with bandwidth of 0.2–1 Hz
B3  Perturbation signal with bandwidth of 0.2–3 Hz
B10  Perturbation signal with bandwidth of 0.2–10 Hz
EC  Eyes-closed conditions
EO  Eyes-open conditions
RT  Task instruction to resist the perturbation by mini-
mizing flexion/extension excursions
Signals
P(t)  Perturbation signal
XGT(t)  Global torso translations
Abstract The goal of this study is to assess how reflexes 
and intrinsic properties contribute to low-back stabiliza-
tion and modulate with conditions. Upper body sway was 
evoked by anterior–posterior platform translations, while 
subjects were seated with a restrained pelvis and free 
upper body. Kinematic analysis of trunk translations and 
rotations illustrated that a fixed rotation point between the 
vertebrae L4 and L5 adequately captures lumbar bending 
up to 5 Hz. To investigate the motor control modulation, 
the conditions varied in vision (eyes open or closed), task 
instruction (Balance naturally or Resist perturbations by 
minimizing low-back motions), and perturbation band-
width (from 0.2 up to 1, 3 or 10 Hz). Frequency response 
functions and physiological modeling parameters showed 
substantial modulation between all conditions. The eyes-
open condition led to trunk-in-space behavior with addi-
tional long-latency visual feedback and decreased pro-
prioceptive feedback. The task instruction to resist led 
to trunk-on-pelvis stabilization behavior, which was 
achieved by higher co-contraction levels and increased 
reflexive velocity feedback. Perturbations below the low-
back natural frequency (~1 Hz) led to trunk-on-pelvis sta-
bilization behavior, mainly attributed to increased intrin-
sic damping. This indicates that bandwidth effects should 
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XRT(t)  Relative torso translations
θT(t)  Torso rotations
XGH(t)  Global head translations
XRH(t)  Relative head translations
θH(t)  Head rotations
E(t)  EMG signal
X(f)  FRF of translations
θ(f)  FRF of rotations
E(f)  FRF of EMG
θmdl(t)  Estimated model rotations
Emdl(t)  Estimated model EMG
Model parameters
m  Mass (model)
h  Pendulum height (model)
b  Intrinsic damping (model)
k  Intrinsic stiffness (model)
kv  Reflexive velocity feedback gain (model)
kp  Reflexive position feedback gain (model)
τref  Reflexive time delay (model)
fact  Muscle activation cutoff frequency (model)
dact  Muscle activation damping factor (model)
escale  EMG scaling parameter (model)
kvis  Visual position feedback gain (model)
τvis  Visual time delay (model)
Introduction
Low-back pain (LBP) is a common disorder affecting 
40–60 % of the adult population in Western society annu-
ally (Loney and Stratford 1999; Picavet and Schouten 
2003). Motor control deficits (e.g., increased co-contrac-
tion, delayed reflexes) have been suggested as potential 
cause or effect of LBP and its recurrent behavior (Chole-
wicki et al. 2000; Radebold et al. 2001; van Dieën et al. 
2003). However, much is still unknown about the lumbar 
motor control in healthy subjects.
Humans maintain an upright posture and stabilize the 
trunk with proprioceptive, visual and vestibular feed-
back, and intrinsic muscle properties including co-con-
traction (Brown and McGill 2008; Moorhouse and Gra-
nata 2007). Most studies on low-back stabilization have 
focused either on the intrinsic muscle properties (Brown 
and McGill 2009; Gardner-Morse and Stokes 2001) or on 
reflexes [e.g., Radebold et al. (2001)], leading to poten-
tially incorrect estimates, because changes in co-contrac-
tion could result in changes in estimated reflex properties 
and vice versa. Only a few studies quantified both the 
reflexive and the intrinsic contributions to low-back sta-
bilization, by mechanical force perturbations to the trunk 
in anterior–posterior direction (Granata and Rogers 2007; 
van Drunen et al. 2013) or by rotational platform pertur-
bation in lateral direction (Goodworth and Peterka 2009, 
2010).
Low-back stabilization can generally be described as 
trunk-in-space or trunk-on-pelvis stabilization strategies. 
Trunk-in-space stabilization minimizes translations of the 
trunk in space (which is essential for daily upper extrem-
ity tasks) and minimizes head motion in space (beneficial 
for visual perception and motion-related comfort). Trunk-
on-pelvis stabilization minimizes lumbar bending which 
is related to slow and/or large pelvis motions such as in 
walking. Proprioception and intrinsic properties effectively 
minimize lumbar bending and thus support trunk-on-pel-
vis stabilization. On the other hand, visual and vestibular 
feedback is more suitable for head-in-space and/or trunk-
in-space stabilization. Stabilization strategy adaptation and 
thus low-back motor control modulation is essential to be 
able to operate with altering conditions or tasks. Compare, 
for example, stabilizing the trunk while lifting a heavy load 
as in power lifting with that when moving rapidly over 
uneven terrain as in mogul skiing. This study focusses on 
changes due to vision, task instructions, and perturbation 
bandwidth.
Vision has been related to a strategy decreasing over-
all musculoskeletal stiffness by a decrease in intrinsic 
stiffness and/or proprioceptive and/or vestibular feed-
back during standing balance control (Collins and De 
Luca 1995). Small vision effects were found for low-
back stabilization in the frontal plane (Goodworth and 
Peterka 2009), while vision during high-bandwidth 
perturbations resulted in a consistent change to a head 
and trunk-in-space strategy in anterior–posterior stabi-
lization studies on the neck (Forbes et al. 2013) and in 
standing posture (Buchanan and Horak 1999). However, 
vision effects in the sagittal plane remain unknown for 
trunk stabilization.
Perturbation bandwidths exceeding the natural fre-
quency decrease the proprioceptive reflexive contributions 
in postural control of the ankle and shoulder (e.g., Stein and 
Kearney 1995; van der Helm et al. 2002), likely because 
the reflexes are unable to improve performance due to the 
delayed response. In neck and stance studies (Buchanan 
and Horak 1999; Forbes et al. 2013), high-bandwidth per-
turbations led to head or trunk-in-space behavior. Because 
the frequency range during natural movements involving 
the low-back is fairly low, proprioceptive reflexes may be 
underestimated when determined with perturbations with 
higher bandwidths as applied in all the above mentioned 
identification studies.
The goal of this study is to assess how reflexes and 
intrinsic properties contribute to low-back stabilization 
and modulate with conditions. By changing the condi-
tions (task instruction, vision and bandwidth), changes 
Author's personal copy
737Exp Brain Res (2015) 233:735–749 
1 3
in the system dynamics were provoked revealing shifts 
in stabilization strategy. These effects were attributed 
to either reflexive or intrinsic muscle properties by kin-
ematics and reflexive EMG frequency response functions 




Six healthy young adults (age: 23–25 years, 4 male) partic-
ipated in this study and gave informed consent according to 
the guidelines of the ethical committee of Delft University 
of Technology. Subjects did not experience LBP in the year 
prior to the experiments.
Experiments
The subjects were seated in a kneeling-seated posture 
(Fig. 1; 90° knee and ankle angle, 135° angle between 
upper body and upper legs) at a rigid chair, while being 
restrained at the pelvis by clamping the anterior supe-
rior and posterior iliac spine from the side. The chair 
was placed on top of a hydraulic hexapod motion plat-
form, which is position-controlled through a dedi-
cated computer system (dSpace, Paderborn, Germany) 
with a custom-made controller with a bandwidth up to 
13 Hz (Matlab/Simulink, Mathworks Inc., Natrick, MA, 
USA). The seat and clamps were foam-covered for sub-
ject comfort. To avoid extra dynamics of the arms, sub-
jects were instructed to cross their arms in front of their 
chest.
Upper body sway was evoked by translational platform 
perturbations (P(t)) in anterior–posterior direction. Task 
instructions were alternately to behave naturally (Natural 
Balance task) or to minimize flexion/extension excursions 
(Resist task). Both tasks were performed with eyes open 
(EO) and eyes closed (EC).
The perturbations P(t) were random-appearing multi-
sine signals of 20-s duration. Each experimental trial 
had duration of 80-s consisting of a 10-s fade-in period, 
3 repetitions of the same perturbation signal P(t), and a 
10-s fade-out period. The fade-in and fade-out periods 
were applied to minimize transient behavior and to pre-
vent abrupt platform motions. To investigate the effect 
of bandwidth on low-back stabilization, each condition 
was performed with three different perturbation signals, 
which contained 0.2 Hz as lowest frequency, while the 
highest frequency alternated between 1, 3, and 10 Hz 
(B1, B3, and B10, respectively). The excited frequencies 
consisted of clusters of two adjacent frequency points, 
which were spaced linearly (<1 Hz) and logarithmically 
(>1 Hz). To reduce control modulation due to high fre-
quent perturbations, the perturbation power was reduced 
to 60 % above 1 Hz and 40 % above 4 Hz (Mugge et al. 
2007), with flat power in velocity in these three bands 
(Fig. 2). To create a similar perturbation amplitude, per-
turbations for the three bandwidth conditions (B1, B3, 
and B10) were scaled toward an equal maximal accel-
eration power and thus perturbation force. For safety and 
comfort of the subjects, the maximum accelerations were 
kept below 1G. All 12 conditions (Table 1) were repeated 
twice, resulting in 24 trials per subject applied in a rand-
omized sequence.
Data recording and processing
Three-dimensional kinematics of the low-back, trunk, 
and head were measured at 200 Hz using an Oqus 6-cam-
era 3D motion capture system (Qualisys AB, Gothen-





















Fig. 1  Experimental setup. Markers (open circle) were placed on 
the sacrum (S), the lumbar vertebrae (L1–L5), the thoracic vertebrae 
(T1, T8, T12), the head (occipital bone (Oc), temple (Te), frontal bone 
(Fr), the left ear and the left eye socket), the acromion and the chair. 
Kinematics were described in platform perturbations (P), global trunk 
translations (XGT), relative trunk translations (XRT = XGT − P), torso 
rotations (θT), and head rotations (θH). Muscle activity was measured 
using surface electromyography (sEMG)
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lumbar vertebrae (L1–L5), the thorax (T1, T8, T12), the 
left acromion, the head (occipital bone, temple, frontal 
bone, anterior of the left ear in line with the tragion, and 
on the lower border of the left eye socket), and the chair. 
The global trunk translation (XGT(t)) was based on the 
marker at T12. Subtracting the chair marker from XGT 
resulted in the trunk translations relative to the plat-
form (XRT(t)). In the sagittal plane, the trunk rotation 
θT(t) was based on the angle of the link between the T8 
and T12 markers with the vertical axis, while the head 
rotation θH(t) was obtained with the Veldpaus-algorithm 
(Veldpaus et al. 1988) applied to all markers on the 
head. Rotations occurring with flexion were considered 
positive.
Activity of twenty muscles (10 bilateral pairs; the 
back muscles m. Longissimus (at T9 and L4), m. Iliocos-
talis (at T12 and L2); the abdominal muscles m. Rectus 
Abdominus, m. Obliquus Externus (lateral and anterior), 
m. Obliquus internus; the hip muscles m. Gluteus Maxi-
mus and m. Rectus Femoris) was measured at 2,000 Hz 
[surface electromyography (sEMG); Porti 17, TMSi, the 
Netherlands) as described in Willigenburg et al. (2010)]. 
The EMG data ej(t) (with j = #muscle) were digitally 
filtered (zero-phase, first-order, high-pass) at 250 Hz 
(Staudenmann et al. 2007) and then rectified. A lumped 
muscle activation E(t) with positive flexion activity was 
derived with the sixteen back and abdominal muscles by 
optimizing the weight factors wj for a maximum coher-
ence of the perturbation to EMG (Kiemel et al. 2008). 
Weight factors were derived per subject optimizing over 
all conditions:








































































































Fig. 2  Perturbation signal as time series (left) and power spectrum (right) for the perturbation bandwidths B1 (blue), B3 (green), and B10 (red). 
The perturbation signal is shown as position (top), velocity (middle), and acceleration (bottom) signal
Table 1  Overview of the twelve experimental conditions, with the 
bandwidths B1 (0.2–1 Hz), B3 (0.2–3 Hz) and B10 (0.2–10 Hz), the 
tasks natural balance and resist, and eyes opened (EO) or closed (EC)









B1 0.15–0.75 6 (3) EO/EC EO/EC
B3 0.15–2.85 14 (7) EO/EC EO/EC
B10 0.15–9.95 30 (15) EO/EC EO/EC
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System identification
System identification techniques (Guitton et al. 1986; 
Pintelon and Schoukens 2001) were used to describe the 
low-back kinematics and reflexes as frequency response 
functions (FRFs). The kinematic FRFs describe the total 
response of the subjects including the intrinsic properties 
and reflexive behavior. Because torso kinematics did not 
influence platform perturbations, the kinematic FRFs were 
derived as the open-loop response to the perturbation (P(t)) 
of the global trunk translations (XGT(t)), the relative transla-
tions of trunk (XRT(t)) and head (XRH(t)), and the rotations 
of the trunk (θT(t)) and head (θH(t)):
with SPX(f) representing the estimated cross-spectral den-
sity between the Fourier-transformed signals P and X, etc.
The reflexive FRF was obtained using the joint input–out-
put approach (van der Kooij et al. 2005), which uses an exter-
nal perturbation to identify the closed-loop response of lumped 
EMG (E(t)) to the trunk flexion/extension angle (θT(t)):
The cross-spectral densities were only evaluated at the fre-
quencies containing power in the perturbation signal. For 
improved estimates and noise reduction, the cross-spectral 
densities were averaged across the six time segments per 
condition and over two adjacent frequency points (Jenkins 
and Watts 1969). Coherence was calculated to evaluate 
input–output relationship:
Coherence ranges from 0 to 1, where one reflects a perfect, 
noise-free relation. Since spectral densities were averaged 
over 12 points, coherence greater than 0.24 is significant 
with p < 0.05 (Halliday et al. 1995).
Physiological modeling
A linear neuromuscular control (NMC) model was 



























; γ 2θ (f ) =
|SPθ (f )|
2
SPP(f )Sθθ (f )
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physiological elements of intrinsic and reflexive contribu-
tions (Fig. 3). This model represents an inverted pendu-
lum with one degree of freedom, describing the kinematic 
trunk rotations θT(t) and the EMG E(t). The virtual pivot 
point was determined for each subject using the recorded 
T12 kinematics dividing XRT(f) by θT(f) (see results and 
Fig. 6). The effective mass (m) and center of mass of the 
upper body were defined anthropometrically (Clauser 
et al. 1969) resulting in an average mass of 37.3 ± 4.8 kg 
located at a height (h) 296 ± 20 mm above the virtual 
pivot point. The intrinsic elements lump passive tissue 
properties, muscle co-contraction, cross-bridge dynamics, 
and force–length and force–velocity relationship into two 
parameters describing the overall lumbar stiffness and 
damping (k, b). The reflexive contribution is a combina-
tion of spindle modulation, tonic drive and presynaptic 
inhibition described by a position and a velocity feedback 
gain (kp, kv) with a time delay (τref). Second-order mus-
cle activation dynamics were implemented (Bobet and 
Norman 1990) with a cutoff frequency (fact) and a dimen-
sionless damping factor (dact). To translate the reflexive 
forces to EMG in mV, a scaling parameter (escale) was 
included. For eyes-open conditions, visual feedback was 
included as an additional position feedback (kvis) with a 
long-latency time delay (τvis) of 250 ms (Goodworth and 
Peterka 2009).
The parameters were identified by fitting the NMC 
model on the FRFs of both the low-back kinematics and 
the reflexive muscle activation for all repetitions. All con-
ditions were optimized simultaneously assuming the time 
delays, activation dynamics, and EMG scaling to be con-
stant over all conditions within subjects. The criterion func-











Fig. 3  Physiological model. The input perturbation (P) was applied 
as platform translation and resulted in trunk rotation (θT) and EMG 
activity (E). Involved are the dynamics of the trunk inertia in the 
presence of gravity (Hi = 1/(mh2s2–mgh)) and intrinsic properties 
(Hint = bs + k). Reflexive feedback is described by muscle spindle 
(Hms = (kvs + kp) e−τref s) and visual feedback (Hvis = kp,vis e−τvis s). 
The platform translational perturbations were transformed into 
low-back torques (Hx→T = mhs2). This results in the overall trans-
fer functions of the modeled trunk rotations (θmdl(f) = −Hx→T /
(Hi
−1+Hint + (Hms + Hvis) Hact)) and EMG activity (Emdl(f) = −Hms). 
The visual feedback was applied for the eyes-open conditions only
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with fk as the power-containing frequencies, and θmdl and 
Emdl as the kinematic and reflexive transfer functions of 
the model. To provide equal contributions of the kinemat-
ics and reflexive muscle activity to the criterion function, a 
scaling factor q of 0.75 was used.
The validity of the optimized model and its parameters was 
assessed in the time domain using the variance accounted for 
(VAF). A VAF of 1 reflects a perfect description of the meas-
ured signal by the model. The experimental measurements of 
θ(t) were compared with the estimated model outcomes θmdl(t):
with n as the number of data points in the time signal. For 
the EMG, VAFE was calculated by replacing θ(t) and θmdl(t) 
with E(t) and Emdl(t), respectively. To reduce noise contri-
butions, measured data were reconstructed with only the 
frequencies that contain power in the perturbation.
The accuracy of the parameters was evaluated by the 
standard error of the mean (SEM) (Ljung 1999):
where the Jacobian J contains the gradient of the predicted 
error err to the optimal parameter vector. The SEM was 
defined as the percentage of the subject-averaged parameter 
values. The more the influence a parameter has on the opti-
mization criterion, the smaller the SEM will be.
Statistics
A parametric linear mixed model was applied to assess 
the effect of vision, bandwidth, and task instruction. The 
statistical model took into account the main and the two-
way interaction effects of the different conditions. Statis-
tics were performed on the averaged gain and phase of the 
FRFs at the lowest frequency points (Fig. 5) and the param-
eters of the model (Fig. 8). A Bonferroni-corrected p value 
smaller than 0.05 was considered significant.
Results
Frequency response functions (FRFs)
Human low-back stabilizing behavior for the highest 






























(6)VAFθ = 1 −
∑n













kinematics and EMG (Fig. 4). Kinematics are described in 
global trunk translations (XGT(f)), trunk and head transla-
tions relative to the platform (XRT(f) and XRH(f)), and trunk 
and head rotations (θT(f) and θH(f)). The lumped EMG 
(E(t)) constructed out of back and abdominal muscles had 
the m. Longissimus at L4 level (26 %), m. Rectus Abdomi-
nus (19 %), and lateral m. Oblique Externus (16 %) as 
main contributors (see Table 2 in the Appendix). The EMG 
response (E(f)) is described relative to the trunk rotations. 
All conditions have coinciding FRFs above 3 Hz, while 
systematic effects of vision, task, and bandwidth on gain 
and phase were found below 1 Hz. These effects of vision, 
task, and perturbation bandwidth below 1 Hz are shown 
in Fig. 5 after averaging over the six lowest measured fre-
quency points.
High coherences (>0.8) were found for the kinematics 
and EMG above 0.7 Hz, indicating good input–output cor-
relation. Below 0.7 Hz, lower coherences (except for XGT) 
indicate movements unrelated to the perturbation, includ-
ing natural postural sway. Measurement of a marker at the 
sacrum showed that platform translations were well trans-
mitted to the sacrum below 5 Hz, while above 5 Hz, sacrum 
motion showed some amplification with phase lag, which 
contributes to the inaccuracy of the model at the highest 
frequencies.
The FRFs of XRT and θT were very similar in shape 
(Figs. 4, 5). Up to 5 Hz, the trunk kinematics could be well 
described with a virtual rotation point located between ver-
tebrae L4 and L5 (on average 138 mm below T12; Fig. 6). 
Above 5 Hz, more complex dynamics were apparent result-
ing in dissimilar XRT and θT FRFs and a lower virtual rota-
tion point suggesting S-shape low-back bending.
The trunk rotation FRF (θT) resembles the character-
istics of a second-order system with a natural frequency 
around 1 Hz. Below the natural frequency, a gain slope 
between +1 and +2 was found, indicating dominant 
behavior of the intrinsic stiffness (represented by a gain 
slope of +2), damping (gain slope of +1), and reflexes 
(gain slope between +2 and +1, depending on the type of 
reflex). Above the natural frequency, inertia is dominant 
indicated by a flat gain. The EMG FRF (E) shows a gain 
slope between 0 and +1 up to approximately 5 Hz, indicat-
ing a combination of position (flat gain, −180° phase) and 
velocity (+1 gain slope, −90° phase) feedback. At higher 
frequencies, an additional acceleration/force feedback 
(slope of +2 in gain, 0° phase) in combination with a phase 
decrease due to reflex delays seems present.
The kinematic FRFs can be interpreted as trunk-in-space 
(the trunk perfectly stationary in space; XGT: gain of 0; XRT: 
gain and phase of 1° and −180°; θT: phase of −180°) or trunk-
on-pelvis (the trunk moving perfectly in line with the pelvis; 
XGT: gain and phase of 1° and 0°). Trunk-on-pelvis behavior 
was observed up to ~1 Hz and resulted in 8–32 % relative 
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trunk translations (see Figs. 4, 5). Between 1 and 5 Hz, trunk 
kinematics shifted to trunk-in-space (XRT: gain between 0.5 
and 1 and phase of −180°), reducing XGT by 40 %.
The head showed a stationary orientation behavior, with 
head rotations θH only ~2 % of the trunk rotations θT dis-
playing a similar shape of gain with head rotations lag-
ging behind trunk rotations at higher frequencies. The 
relative head translations (XRH) were ~4 times larger than 
the trunk (XRT) with a similar shape of gain and phase lag. 
Up to 3 Hz, the global head translations (XGH) exceeded 
global trunk translations (XGT) with 20 % (see Fig. 10 in 
the Appendix).
Physiological modeling
Figure 7 illustrates that the model adequately fits kinemat-
ics (below 5 Hz) and EMG for the 10-Hz bandwidth condi-
tion with EC, while VAF values for all conditions (Fig. 8) 
show reasonable to good time domain fits (VAFθ = 78 %; 
VAFe = 65 % averaged over all conditions and subjects). 
Above 5 Hz, the single degree of freedom model was una-
ble to describe the more complex kinematic behavior as 
described above. This did not influence the accuracy of the 
intrinsic and reflexive parameters estimates (Fig. 8) as con-
firmed by an average SEM of 46 %, because these param-
eters are predominantly involved in the kinematic response 
below 5 Hz. Models incorporating vestibular and visual 
feedback were explored, but resulted in inaccurate param-
eter estimates. Because the linear model was unable to 
describe uncorrelated data as described by low coherencies 
(see Fig. 4), the lowest frequency (0.2 Hz) was excluded 
from modeling.
For static model stability, the effective stiffness (com-
bined intrinsic stiffness and position feedback) was 
bounded to be equal or higher than the negative propor-
tional effect of gravity. The effective stiffness was domi-
nated by the intrinsic stiffness (92 % averaged over all 
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Fig. 4  FRFs of the trunk (solid) and head (dashed) kinematics and 
EMG during the 10-Hz perturbations and the eyes-closed condi-
tion. The kinematics are described by the global translations in space 
(XGT), the translations relative to the pelvis (XRT and XRH), and rota-
tions in space (θT and θH). The gain (amplitude difference), phase 
(time shift), and coherence (correlation) illustrate the transformation 
of the input signal into the output signal. The different colors repre-
sent the natural balance (blue) and the resist (red) task. The triangles 
are given as reference to the slope of the gains indicating stiffness 
(+2), damping (+1) and mass (0) in the relative translations and rota-
tions and position feedback (0), velocity feedback (+1) and accel-
eration, and/or force feedback (+2) in the EMG. The FRF average 
(lines) and standard deviation (shades) over subjects are shown
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even became negative for several conditions. The effective 
damping was separated into MS velocity feedback (61 %) 
and intrinsic damping.
Effects of vision, task instruction, and perturbation 
bandwidth
In Fig. 5, the effects of bandwidth, vision, and task instruc-
tions are shown for gain and phase below the low-back nat-
ural frequency (1 Hz). As shown for task effect (Fig. 4) and 
vision (Fig. 7), FRFs were not different between conditions 
above 3 Hz. The intrinsic and reflexive model parameters 
are shown in Fig. 8.
Effect of vision
Significant vision effects were found in kinematic and 
EMG FRFs and in the modeling results. The gain of XGT 
decreased (p < 0.001) and became smaller than one with 
eyes open, indicating a tendency toward trunk-in-space 
behavior. This was obtained by moving more in opposite 
direction of the platform (θT: phase of −180°), as described 
by the phase decrease of approximately −40° (p < 0.001) 
in θT. In line with the trunk-in-space behavior, the decrease 
in gain of the EMG (p < 0.05) and reflexive gains [kp 
(p < 0.001), kv (p < 0.02)] resulted in higher compli-
ance. Surprisingly, the relative trunk motions during the 
EO condition were smaller than during the EC condition 
[decreased gain of θT (p < 0.02) during EO], indicating a 
better performance for both trunk-on-pelvis and trunk-in-
space stabilization with the eyes open.
The effective stiffness (k + kp) exceeded the gravita-
tional negative stiffness only marginally (+1 %) during 
the EO conditions. During the EC conditions, the effective 
stiffness increased substantially (+14 %), resulting in a 
larger stability margin.
The model could not well describe the kinematic phase 
below −90° at the lowest frequencies during EO conditions 
(Fig. 7), which led to slightly lower VAF values (Fig. 8). 
As an exploration, an additional visual feedback loop was 
included in the model with long-latency (250 ms) position 












































































































































Balance ResistBalance ResistBalance ResistBalance Resist
Fig. 5  Kinematics and EMG modulation due to task instruction 
(natural balance and resist), bandwidth (B1, B3 and B10), and vision 
(eyes closed (solid) and open (striped)). Gains and phases were aver-
aged over the low frequencies (<1 Hz). Values are the mean (bars) 
and standard deviations (error bars) over subjects. A lower XGT gain 
and a larger phase lag for XRT and θT describes modulation toward 
trunk-in-space stabilization. Modulation toward trunk-on-pelvis 
is illustrated by a XGT closer to 1 (gain) and 0° (phase) and smaller 
gains for XRT and θT. The results indicate modulation toward trunk-
in-space stabilization with eyes open, the balance task and increasing 
bandwidths
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phase and the EMG (Fig. 7) and increasing both VAFθ and 
VAFe with ~5 %. However, high SEM values indicated 
poor parameter estimates.
Effect of task instruction
The task instruction to resist led to a 49 % reduction of 
θT below 1 Hz (p < 0.001) with respect to the natural bal-
ance task, indicating a shift to trunk-on-pelvis behavior. 
Between 1 and 2 Hz, the gain of θT increased for the resist 
task, indicating a trade-off for better task performance 
at the lower frequencies. The additional resistance was 
achieved by increased co-contraction (increased RMSEMG 
of 30 % (p < 0.02) and higher intrinsic stiffness (p < 0.007) 
and damping (p < 0.001)) and reflex gains (increased EMG 
gain of 104 % (p < 0.002), and increased kv (p < 0.001)).
Effect of perturbation bandwidth
Significant bandwidth effects were found comparing band-
width B1 on one hand and bandwidths B3 and B10 on 
the other hand, while between B3 and B10, no significant 
differences were found. For B3 and B10, the gain of θT 
increased significantly (p < 0.001), indicating a less active 
trunk-on-pelvis stabilization. This was mainly attributed to 
a 65 % decrease in intrinsic damping (p < 0.001). Interest-
ingly, there was no significant change of the intrinsic stiff-
ness and RMSEMG, ruling out decreased co-contraction. 
The larger phase lag of the EMG (p < 0.001) indicates 
reflex modulation with a reduced role of velocity feedback, 
which was described by a small increase in kp (p < 0.04).
Discussion
The goal of this study was to assess reflexive and co-con-
tractive contributions to low-back stabilization and motor 
control modulation with changed conditions. Upper body 
sway was evoked by anterior–posterior platform transla-
tions, while subjects were seated with the upper body free 
and the pelvis restrained. Kinematic and reflexive fre-
quency response functions (FRFs) and physiological model 
parameters were obtained describing low-back motor con-
trol. Substantial motor control modulations were observed 
for all varying conditions (vision, task instruction, and per-
turbation bandwidth) in particular at the lowest frequencies 
(<1 Hz).
The main objective of low-back stabilization is to keep 
the trunk posture upright, while counteracting gravity. To 
achieve this, the effective stiffness (intrinsic stiffness and 
reflexive feedback combined) should exceed the gravita-
tional negative stiffness, resulting in a positive net stiff-
ness. In whole-body postural control experiments, a net 
stiffness close to zero was observed (Loram and Lakie 
2002; van der Kooij et al. 2004). This minimizes effort 
and is closely related to a trunk-in-space strategy, in which 
just-sufficient low-back stiffness neutralizes the trans-
fer of pelvic perturbations to the trunk. This stabilization 
strategy was found in this study during EO conditions, 
expressed by the slope of +1 in the trunk rotation FRF and 
an effective stiffness of only 101 % of the destabilizing 
gravitational component.
Effect of vision
The EO conditions tended to trunk-in-space behavior, 
which was described by a greater phase lag in θT and a 
XGT gain smaller than 1. Similar observations were found 
in whole-body and head–neck posture control (Buchanan 
and Horak 1999; Forbes et al. 2013). The trunk-in-space 
behavior was obtained by decreased reflexes, which is 
consistent with whole-body postural control experiments 
(Collins and De Luca 1995; van der Kooij et al. 2004). 
During the EC conditions, a trunk-on-pelvis behavior was 
achieved by increased effective stiffness (114 % of negative 
gravitational stiffness), indicating a strategy with a larger 
stability margin and higher effort. Surprisingly, however, 
the EC conditions led to more low-back motions (θT gain 
increased), and therefore worse trunk-on-pelvis stabiliza-
tion. An explanation could be that the higher effective stiff-
ness led to more movement of the center of mass and there-
fore higher inertial forces due to the perturbation.
During EO conditions, the model could not well 
describe the kinematic phase below −90° at the lowest 
frequencies (see Fig. 7), which led to slightly lower VAF 


























Fig. 6  Lumbar virtual rotation point location below T12. The verti-
cal position is derived for each frequency by dividing XRT(f) by θT(f) 
averaged over all conditions. The lumbar virtual rotation point is 
shown for separate subjects (dotted lines) and averaged over subjects 
(solid line with shadow as standard deviation). Results illustrate that a 
fixed rotation point (−138 mm with respect to T12) located between 
L4 (−123 mm) and L5 (−151 mm) adequately captures lumbar bend-
ing up to 5 Hz. The deviation of the lumbar virtual rotation point 
above 5 Hz suggests higher order dynamics such as S-shape bending
Author's personal copy
744 Exp Brain Res (2015) 233:735–749
1 3
the proprioceptive reflexes and intrinsic properties, but also 
provides extra information. Direct visual feedback contrib-
utes only at low frequencies (Berthoz et al. 1978), because 
of the visual processing time which results in a long-
latency time delay (>200 ms). As an exploration, a long-
latency (250 ms) position feedback was included in the 
model representing the visual contribution (Goodworth and 
Peterka 2009). With 0.2 Hz as lowest measured frequency 
point, the data did not contain enough information to esti-
mate the gain (and time delay) of such a long-latency feed-
back loop properly. However, the model with direct visual 
feedback described the kinematic phase and EMG better at 
the lowest frequencies (Fig. 7) and led to a 5 % increase in 
both the VAFθ and the VAFe during eyes-open conditions. 
This indicates that position feedback directly contributes to 
lumbar stabilization, but separate perturbations of the vis-
ual field are needed to accurately estimate the visual feed-
back parameters.
Effect of task instruction
The resist task demanded a trunk-on-pelvis stabilization 
strategy, which was observed as reduced low-back motions 

























































































Fig. 7  Example of the model fit of the torso rotations (left) and the 
EMG (right). Results are representative for all conditions. Top FRF 
model fit for the resist task during 10-Hz perturbation bandwidth 
with EO (gray) and EC (black). Crosses and circles represent meas-
ured data. Solid lines show fits using the standard model. Dotted lines 
show fits using an explorative model with an additional visual feed-
back loop effecting mainly low-frequent modeling results. Bottom 
Time domain model fit (black line) and measurements (gray, dotted 
line) for the resist task during 10-Hz perturbation bandwidth and EC 
conditions
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to higher θT gains around the natural frequency (1–2 Hz). 
These effects of task are similar in direction, but smaller in 
magnitude than in previous experiments applying a trunk 
perturbation force at the back (van Drunen et al. 2013). This 
could be explained by the perturbation type. In contrast to 
trunk perturbations, pelvis perturbations are not applied 
directly on the effective trunk mass. The higher stiffness and 
damping during the resist task will result in more motion of 
the center of mass and thus larger inertial torques.
The modulation with task was attributed to higher co-
contraction levels (higher RMSEMG and intrinsic stiff-
ness and damping) and higher reflexive velocity feedback. 
Different to the trunk perturbation experiments was the 
decrease in reflexive position feedback during the resist 
task, which was most dominant during EO conditions with 
even negative estimated kp values. This may represent an 
effort to decrease the (perturbation) torques by maintaining 
a constant effective stiffness and therefore compensating 
for the increased intrinsic stiffness.
Effect of perturbation bandwidth
Significant differences in low-back motor control were 
found between bandwidth B1 below the low-back natural 
frequency (~1 Hz) and B3 and B10 exceeding the natu-
ral frequency, while no differences were found between 
B3 and B10. Trunk-on-pelvis performance became worse 
with high perturbation bandwidths, which was attributed 
to a decrease in intrinsic damping and slight increase in 
position feedback. Because the intrinsic stiffness and 
RMSEMG were unaltered, the modulation in the intrinsic 
damping was not part of decreasing co-contraction lev-
els, suggesting nonlinear muscle dynamics (e.g., force–
velocity relationship, cross-bridge dynamics). This indi-
cates that bandwidth effects should not be ignored and 
that motor control estimated with high-bandwidth per-
turbations do not fully represent the intrinsic and reflex-
ive behavior during most (low-bandwidth) daily life 
activities.
Fig. 8  Parameter values and 
VAFs of the kinematics and 
EMG (VAFθ and VAFe) for all 
conditions. Values are the mean 
(bars) and standard deviation 
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Bandwidth effects are often related to reduced reflex-
ive gains when perturbations exceed the natural frequency, 
because high reflex gains induce resonance peaks caused by 
the reflexive delay (e.g., Stein and Kearney 1995; van der 
Helm et al. 2002). In contrast to this theory, modeling results 
showed a lower resonance peak during the B1 condition. This 
result in combination with the slightly increased position feed-
back does not support this theory for low-back stabilization.
In this study, the perturbation signals with different 
bandwidth were scaled to achieve the same maximal accel-
eration power and thus perturbation force, resulting in less 
power in the lowest frequencies for the high-bandwidth 
perturbations (see Fig. 2). This scaling resulted in a simi-
lar perceived perturbation severity, but there is a possibility 
that the scaling also affected the modulation.
Head kinematics
Head stabilization in space enhances visual perception and 
motion-related comfort. Visual and vestibular feedback 
pathways act to stabilize the head orientation and position 
in space (Day 1997; Goodworth and Peterka 2009), con-
trolling muscles in the neck and other relevant body parts. 
Results showed that head orientation was effectively mini-
mized by the neck, as only 2 % of the trunk rotations (θT) 
were reflected in the head rotations (θH). The same is not 
applicable to global head position, where the global head 
translations (XGH) exceed the global trunk translations (XGT) 
by 20 %. Furthermore, ~4 times larger relative translations 
(with similar phase) were observed for the head (XRH) than 
for the trunk (XRT) consistent with movement of an inverted 
pendulum [for reference; relative translations of T1 being 
the base of the neck were approximately 3 times larger as 
T12 (XRT)]. Apparently, the neck does not compensate (by 
complex (S-shaped) neck bending) for the head translations 
resulting from platform motion and lumbar bending. This 
indicates that low-back motor control is involved in head-
in-space stabilization and could explain the low-back motor 
control modulations due to vision.
Limitations and future directions
The applied system identification approach assumes linear, 
time-invariant behavior. Therefore, the experimental condi-
tions were designed to evoke only small deviations around a 
single working point (to minimize nonlinear behavior) during 
a short period of time (to minimize time-variant behavior).
The surface EMG only measured superficial low-
back muscles, while also deep low-back muscles are 
expected to play a role in low-back stabilization. By using 
Table 2  The resulting weighting factors (wj [%]) describing the con-
tribution to the lumped EMG signal of all individual muscles [the 
Longissimus muscle at trunk (LT) and lumbar (LL) level, the Iliocos-
talis Muscle at trunk (IT) and lumbar (IL) level, the Rectus Abdomi-
nus muscle (RA), the Oblique Externus muscle anteriorly (OEA) and 
laterally (OEL) and the Oblique Internus muscle (IO)]. Contribution 
was separated in the left (l) and right (r) side muscles. For better over-
view, all values <1 % were omitted
Subjects Mean
1 2 3 4 5 6
Back muscles
 LTr 9.9 9.9 7.8 4.8 8.2 6.8
 LTl 4.7 5.6 7.5 13.9 5.3
 ITr 1.1 5.6 3.5 1.7
 ITl 2.7 5.6 8.7 6.1 3.9
 ILr 14.2 4.4 5.3 1.5 4.2
 ILl 1.7 3.0 11.4 12.3 6.4 2.7 6.3
 LLr 26.6 15.1 8.1 16.6 16.6 12.4 15.9
 LLl 12.1 5.7 3.3 6.6 16.4 16.1 10.0
Abdominal muscles
 RAr 12.3 17.4 18.0 5.0 10.1 10.5
 RAl 7.9 11.4 3.3 13.4 13.2 8.2
 IOr 4.2 1.8 1.0
 IOl 2.0 7.8 1.7
 OEAr 9.1 12.8 4.5 4.5
 OEAl 4.9 2.3 1.6 4.8 4.9 6.8 4.2
 OELr 4.7 1.6 14.0 2.4 13.5 6.0
 OELl 7.1 1.6 21.5 1.7 11.6 15.0 9.8
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intramuscular EMG, the role of both superficial and deep 
low-back muscles could be assessed.
Low-back motor control involves multiple joints, mus-
cles and sensory systems (such as proprioceptive, cutane-
ous, vestibular and visual information). Kinematic analysis 
of a virtual low-back rotation point (Fig. 5) justified the 
simplification into a single inverted pendulum up to 5 Hz, 
while a higher order dynamic system could improve mod-
eling results above 5 Hz. On top of that, inclusion of ves-
tibular, visual, and Golgi tendon organ (GTO) feedback 
was explored in this study, but did not lead to accurate 
parameter estimates indicating that the data did not con-
tain enough information to estimate their separate contri-
butions. Perturbing a specific sensor (with e.g., visual field 
perturbations, galvanic vestibular stimulation (GVS)) can 






















Fig. 9  Subject-averaged root mean square (RMS) of the EMG dur-
ing all conditions. The total RMS (light) includes co-contraction and 
reflexive contribution, while the reflexive EMG is described by the 
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Fig. 10  FRFs of the head kinematics and EMG during the 10-Hz 
perturbations and the eyes-closed condition. The head kinematics 
are described by the global translations in space (XGH), the transla-
tions relative to the pelvis (XRH) and rotations in space (θH). The gain 
(amplitude difference), phase (time shift) and coherence (correlation) 
illustrate the transformation of the input signal into the output sig-
nal. The different colors represent the natural balance (blue) and the 
resist (red) task. The triangles are given as reference to the slope of 
the gains indicating stiffness (+2), damping (+1) and mass (0) in the 
relative translations and rotations and position feedback (0), velocity 
feedback (+1) and acceleration, and/or force feedback (+2) in the 
EMG. This is Fig. 4 but for head kinematics
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Finally, this study identified intrinsic and reflexive 
contribution to low-back stabilization in healthy subjects 
and how vision, task instruction, and bandwidth resulted 
in modulation of the low-back motor control. These 
methods can be applied on low-back pain patients to 
identify possible deficits in low-back motor control and 
its modulation.
Conclusions
•	 Low-back motor control modulation was found with 
conditions varying in vision (eyes open and closed), 
task instruction (natural balance and resist), and pertur-
bation bandwidth (from 0.2 up to 1, 3, and 10 Hz) dur-
ing anterior–posterior translational pelvis perturbations 
with a free upper body.
•	 Stabilization strategies were altered resulting in modu-
lation of intrinsic stiffness and damping and propriocep-
tive feedback gains.
•	 Eyes open led to a modulation toward a trunk-in-space 
strategy, with direct (long-latency) visual feedback and 
reduced proprioceptive feedback.
•	 A task instruction to resist led to a modulation toward a 
trunk-on-pelvis strategy, which was achieved by higher co-
contraction levels and increased reflexive velocity feedback.
•	 Perturbations with a bandwidth below the low-back nat-
ural frequency (~1 Hz) led to better performance on the 
trunk-on-pelvis strategy.
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Fig. 11  Kinematics and EMG modulation due to task instruction 
(balance and resist), bandwidth (B1, B3 and B10), and vision (eyes 
closed (solid) and open (striped)). Gains and phases were averaged 
over the low frequencies (<1 Hz). Values are the mean and standard 
deviations over subjects. A lower XGH-gain and a larger phase lag for 
XRH and θH describes modulation toward head-in-space stabilization. 
Modulation toward head-on-pelvis is illustrated by a XGH closer to 1 
(gain) and 0° (phase) and smaller gains for XRH and θH. This is Fig. 5 
but for head kinematics
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Appendix
See Table 2 and Figs. 9, 10 and  11.
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